Abstract-Higher penetration of solar photovoltaic (PV), with their uncontrollable generation variability, imposes various grid stability challenges on distribution system operation. The primary problem is significant voltage rise in the distribution feeder that forces existing voltage control devices such as on-load tapchangers and line voltage regulators to operate more frequently. The consequence is the deterioration of the operating life of the voltage control mechanism. The objective of this paper is to investigate the voltage impact of increased penetration of PV systems on distribution load tap changer operations. Both steadystate and quasi-static power flow analyses have been conducted to assess the impact on load tap changes under different solar PV penetration levels. Two real-world distribution feeder circuits are used as a test system in this study. Simulations are carried out for up to one-year period with 1-minute time step using OpenDSS. A comparison study was performed to investigate potential voltage rise issues in the network by increasing total PV penetration from 0 to 100% in the feeder. Results show significant increase in the total number of tap operations as solar PV penetration increases. Impacts on nodal voltages and feeder net power are also presented.
I. INTRODUCTION
The deployment of distributed energy resources (DERs) has increased dramatically over the last decade, especially solar photovoltaic (PV). Higher penetration of renewables, with their uncontrollable generation variability, imposes significant grid stability challenge [1] . Rooftop solar PV units can serve part of the local loads, depending on their capacities, that can potentially decrease the stress on the distribution feeder and improve overall system performance, e.g. by reducing feeder losses. However, high penetration of PV resources can impose several challenges for distribution network operators. Particularly, this will not only create voltage rise and violation of node voltage limits, but also the life of the transformer will be reduced due to rapid tap changing adjustments.
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High PV penetration levels can significantly affect the steady state as well as the transient stability of the systems due to their distinct characteristics that differ from conventional generation resources. A significant body of research has grown out of the literature in response to open challenges around high penetration PV adoption. To name a few, [2] - [7] have investigated the effects of PV generation on distribution systems. Most of these research efforts are focused on distribution systems since the level of PV installations is assumed to be small enough and has minimal impact on the transmission system [5] . As those papers suggest, high PV penetration can affect the voltage profile depending on the loading conditions and amount of PV penetration. Those studies have investigated the interactions between PV systems and automatic loadtapchanging (LTC) transformers, and found that cloud-induced PV output fluctuations could cause excessive operation of LTCs, but they did not address the maximum PV penetration level [8] . However, increasing penetration of PV within a distribution circuit poses interesting protection and control challenges since voltage variations occur at feeder and substation levels, due to varying PV power output, often exceed the ANSI voltage limit, i.e., 5% above nominal.
To improve nodal voltage profiles in medium-voltage distribution networks, different voltage control devices are utilized by distribution utilities. The substation transformers are typically equipped with on-load tap changers (OLTC).
Step voltage regulators (SVR) can also be installed in the middle of the feeder to boost the voltage by a transformer with LTC. LTCs are placed on substation transformer and operate on three-phase basis, while SVR regulates individual phases and can be placed flexibly at any feeder location where required, e.g. at feeder bus, feeder head, or in the middle of a long feeder line. A voltage regulator comprises of autotransformer, load tap changer, and voltage regulator control. A voltage change is obtained by changing taps of the series winding of the autotransformer. Smart inverters can provide autonomous volt/var control and power factor control [9] to mitigate local voltage fluctuations and voltage rise issues due to solar power injection at the point of interconnection.
There still exists a knowledge gap for voltage impact analyses before advancing to address grid integration challenges of increasing solar PV penetration. Our previous work [10] has analyzed transmission system performance with high PV penetration on an IEEE 13-bus system. This paper is intended to assess the effects of a high penetration of PV on the distribution system voltage control, and on the associated reactive power flow through a more practical distribution system. Compared with our previous result, we notice a significant increase in load tap change counts starting from 30% PV penetration, using the same solar and load profiles. The selected feeders provided by Southern Company include voltage control equipment such as switched capacitors and on-load tapchanging transformers. Based on OpenDSS, both steady-state and quasi-static power flow analyses have been conducted for different time periods to assess the effects on load tap changes under different solar PV penetration levels. A simulation study was performed to investigate potential voltage rise issues in the network by increasing total PV penetration from 0 to 100% within the feeder. In this paper, the capacity penetration level is adopted, which is defined as the nameplate capacity of the combined solar PV inverters on a circuit divided by the peak annual load on that circuit [11] .
Reverse power flow occurs when the instantaneous PV power is larger than local load consumption. In our study, we have not observed the reverse power flow based on the solar and load profiles. However, generally reverse power flow may result in nuisance trips of utility protection during short-circuit fault and compromise the fault current sensing. Furthermore, Over-generation of solar power at the substation level may create dynamic stability issues and operation burdens, such as the so-called Duck Curves in California.
The remainder of this paper is organized as follows. Section II introduces the circuit components (mainly voltage regulation devices) and load profiles. The steady-state power flow analysis is presented in Section III. Section IV presents the quasistatic time series power flow analyses for different time periods as well as the effects on load tap changes under different solar PV penetration levels. Finally, Section V summarizes the paper and presents the conclusions.
II. DISTRIBUTION FEEDER CIRCUITS
In this section, we briefly introduce the two distribution feeder circuits used in this study and provided by in Southern Company.
A. Voltage regulator (in-feeder load tap changer transformer)
Individual single-phase SVR is installed per phase in the middle section of Notice that there is no LDC installed in this specific distribution feeder, hence to best represent the real-world scenario, we did not include LDC simulation in this study.
B. Capacitor banks
Two fixed three-phase capacitor banks, 12.47kV /300kVar each, are installed on both feeders.
C. Substation transformer
As provided by Southern Company, the substation transformer is a three-phase, two-winding transformer with 7,500 kVA, 115 kV/13.09 kV (12.47 kV + 5%) , delta/wye-grounded connection, and high-side 5 tap changes.
D. Load and measured profile
Majority of the loads are single-phase loads with a total number of 641 loads in both feeders. Five large loads are three-phase loads. Load measurements have been captured at a 15-minute interval at both feeder circuit breakers and the substation transformer during March 1, 2016 to May 1, 2016 and July 1, 2016 to September 1, 2016. The daily load profiles (real power P and reactive power Q) are plotted in Fig. 1 for one day on July 2, 2016. The annual peak load for Feeder 1 is found to be 2000 kVA, which is used as the basis for solar PV penetration level in the simulation and load tap change analyses. 
III. STEADY-STATE POWER FLOW ANALYSIS
The intent of this section is to analyze the situation when the solar PVs are installed at the very end of the feeders, which is known to be the worst case scenario, and the associated voltage regulation problems. In this study, we focus on only one of the feeders, Feeder No. 1, since it contains a LTC transformer, i.e. the voltage regulator, in the middle section of the feeder.
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A. Solar PV inverter location and configuration
As aforementioned, Feeder 1 annual peak load is assumed to be 2,000 kVA based on the field measured peak load at 1,836 kVA during the part of the year 2016. Three singlephase solar PV inverters are placed at each phase of the feeder end and connected to the bus as listed in Table I . Since we are investigating the LTC operations on Feeder 1, we use this feeder's annual peak load as basis when defining solar PV penetration level, e.g. 100% PV penetration corresponding to 2000 kVA solar PV installations. At the substation level, this is roughly around 30% penetration, considering peak load measurement during the summer, i.e. 5,126 kVA, and substation transformers rated capacity 7,500 kVA.
B. Feeder circuit plot and visual power flow snapshot
Snapshot power flow solutions for a typical day at noon time have been derived for baseline case (no PV), 30% PV case, and 100% PV case, as shown in Fig. 2a, Fig. 2b, and Fig.  2c , respectively. In the circuit plots, different colors denote the voltage per unit at different feeder locations, and the line thickness represents the line current. Comparing the plots, one can observe that the increased solar PV generation will create higher voltage at both the feeder end where the PV is connected and the LTC transformer node.
C. Feeder voltage profile snapshot
The feeder voltage profiles for the same time snapshot are illustrated in the spider plots shown in Fig. 3 . (Fig. 3a) : Phase A and B load tap changers do not change the tap position because the voltage is within the control bandwidth, but for Phase C, the load tap changer has to move up to a higher position to maintain the voltage profile within the ANSI limit, due to heavy load in this phase and high line voltage drop.
1) Baseline case (no PV)
2) 30% PV case (Fig. 3b) : With the same load profile, Phase A and Phase B load tap changers still do not operate, but solar power generation has elevated their voltage profiles; Phase C load tap changer still moves up but in less steps.
3) 100% PV case (Fig. 3c) : With increasing solar power generation, both Phase A and Phase B load tap changers now move down to lower positions, and Phase C tap moves up. This has verified the fact of increasing load tap changer operation due to increased solar PV generation at one time snapshot. We will demonstrate the increased load tap changer operation counts over a long period of time due to the solar power fluctuations for different penetration levels.
IV. QUASI-STATIC TIME SERIES LOAD FLOW AND LTC OPERATION ANALYSES
This section presents three case studies on the distribution feeder circuits: steady-state power flow analysis, one week and one year power flow analyses.
A. One day power flow analysis
To closely observe the time-varying power and voltage, one day period simulations at 1-minute time step have been performed using OpenDSS software package for the baseline case and the 100% PV penetration case for comparison. Power and voltage dynamics are captured at different feeder locations, e.g. feeder head, feeder end, fixed capacitor bank, and most importantly, the LTC location. For example, Fig. 4 illustrates the LTC transformer downstream-side node voltage. It is easily observed that during the mid-day when solar power is ramping up, the feeder voltages at different locations become higher than the baseline case and the feeder net load will reduce due to the solar power generation. Fig. 5 demonstrates significant voltage variability at the voltage regulator node during this time period, hence potentially leading to excessive tap change operations.
B. One week power flow analysis
To investigate the potential effects on load tap changers, OpenDSS simulations for one week time period at 1-minute time step have been run for both the baseline case and 30% PV penetration case. Fig. 5 plotted the voltage regulator load tap positions (-16 to +16) during one week period for baseline vs. 30% PV. Significant increase of tap operations can be observed. The cumulative tap changes are from 1 to 6 changes for Phase A tap, 1 to 8 changes for Phase B tap, and 20 to 37 changes for Phase C tap. Fig. 6 illustrates the detailed solar power variations and voltage fluctuations. We only plot Phase C, due to space limit. Similar results are achieved for other phases. It is shown that when the solar power is ramping up, the voltage at the regulator node will increase and may exceed the LTC control bandwidth, i.e. (124 V ± 1.5 V) x 60. Whenever the voltage increases or decreases beyond the upper or lower bandwidth, the load tap changer will be enabled after a 45 seconds time delay. The load tap may move up or down several steps to bring the feeder voltage back within the limits.
C. One year power flow analysis
To further validate the effects of different PV penetration levels on the load tap changer operations, simulations for the whole year period have been conducted at 1-minute time step for 11 different scenarios, including the baseline case and the PV penetration from 10% to 100%. The tap change operation count accumulation is shown in Fig. 7 . From the simulations, it is noticed that at below 20% PV penetration, the cumulative load tap changes are roughly the same; at 30% PV penetration, the cumulative load tap change counts are doubled compared to the baseline case, and then almost linearly increase with increasing PV penetration levels at a rate of about 1500 ∼ 1600 counts every 10% PV penetration increase. We have analyzed the impact of increased penetration of PV generation on distribution load tap changer operations. The network was modeled in OpenDSS using two distribution feeder circuits provided by Southern Company. Both steadystate and quasi-static power flow analyses have been presented for different time periods to assess the effects on load tap changes under different solar PV penetration levels. A simulation study was performed to investigate potential voltage rise issues in the network by increasing total PV penetration from 0 to 100% in the feeder. Our results show significant increase in tap change positions when solar PV penetration is 30% and more.
Further investigation of different strategies for mitigating the impacts caused by solar PV power fluctuations has been conducted. It has been recommended using building HVAC loads as a resource to balance the solar power variations at different time scales and reduce the excessive feeder voltage variations. Future work will be to integrate an adaptive HVAC control strategy in quasi-static simulations and field testing to validate the control strategy and quantify the performance.
